Abstract -The constraints on total neutrino mass and effective number of neutrino species based on CMB anisotropy power spectrum, Hubble constant, baryon acoustic oscillations and galaxy cluster mass function data are presented. It is shown that the discrepancies between various cosmological data in Hubble constant and density fluctuation amplitude, measured in standard ΛCDM cosmological model, can be eliminated if more than standard effective number of neutrino species and non-zero total neutrino mass are considered. This extension of ΛCDM model appears to be ≈ 3σ significant when all cosmological data are used. The model with approximately one additional neutrino type, N eff ≈ 4, and with non-zero total neutrino mass, Σmν ≈ 0.5 eV, provide the best fit to the data. In the model with only one massive neutrino the upper limits on neutrino mass are slightly relaxed. It is shown that these deviations from ΛCDM model appear mainly due to the usage of recent data on the observations of baryon acoustic oscillations. Larger than standard number of neutrino species is measured mainly due to the comparison of the BAO data with direct measurements of Hubble constant, which was already noticed earlier. As it is shown below, the data on galaxy cluster mass function in this case give the measurement of non-zero neutrino mass.
INTRODUCTION
The existence of neutrino with masses in the eV mass range would produce a suppression of density fluctuations on scales below the horizon when these neutrinos become non-relativistic (e.g., Hu et al., 1998) . The amount of this suppression can be measured from the comparison of density fluctuations amplitude measured at early epoch from CMB anisotropy power spectrum and at recent epoch, from, e.g., galaxy cluster mass function data, which finally could give the measurement of total neutrino mass.
From cosmological observations the number of neutrino species could also be measured. Any type of neutrino, which was thermalized in early Universe, make its own contribution into the energy density of relativistic matter before equipartition. The change of this energy density result in a change in Universe expansion rate and therefore in changes of the size of sound horizon and photon diffusion scale (Silk damping scale).
All these quantities can be measured using the data from various cosmological observations. For example, the information on density fluctuation amplitude at early epoch, size of sound horizon, Silk damping scale is contained in CMB anisotropy power spectrum which The linear density fluctuations amplitude at recent epoch, which is usually described using σ 8 parameter, may be measured by means of various methods. One of the most accurate measurement of this quantity comes from the data on galaxy cluster mass function (see, e.g., Vikhlinin The information on the size of sound horizon is contained also in the baryon acoustic oscillations data (BAO, see, e.g., Percival et al., 2010) . In addition, the direct measurements of Hubble constant (e.g., Riess et al., 2011) should also be used in order to eliminate degeneracies between various cosmological parameters.
The combination of all the data discussed above allowed to obtain constraints on total neutrino mass and number of neutrino species (e.g., Vikhlinin et (Freedman et al., 2012) , this discrepancy have increased.
As it is shown below, when these new BAO data are used, there is also a discrepancy in σ 8 measurements inferred from the data on CMB anisotropy power spectrum in assumption of standard ΛCDM model and obtained using the galaxy cluster mass function data from Vikhlinin et al. (2009a,b) . This discrepancy can be interpreted as a suppression of density fluctuations due to the existence of neutrinos with non-zero total mass. It is shown that the best agreement with all cosmological data discussed above is achieved in model with non-zero neutrino mass and additional neutrino species.
The cosmological parameters constraints were calculated from the simulations of Monte-Carlo Markov Chains, which were done using CosmoMC software (Lewis, Bridle, 2002) , version of Jan. 2012. In all Figures below the contours at 68% and 95% confidence levels are shown. All numerical values of confidence intervals are given at 68% confidence level.
COSMOLOGICAL DATA

Galaxy clusters
For our work the data on galaxy cluster mass function measurements were taken without any changes from Vikhlinin et al. (2009a,b) . In this work a sample of 86 massive galaxy clusters with masses measured with about 10% accuracy using Chandra observations (Vikhlinin et al., 2009a ) was used. Distant clusters, located at z ≈ 0.4-0.9, were selected from 400d X-ray galaxy cluster survey, based on ROSAT pointing data (Burenin et al., 2007) . Clusters in local Universe were selected using ROSAT all sky survey (see details in Vikhlinin et al., 2009a) .
Likelihood functions for this cosmological dataset are available at WWW 1 (see also details in Burenin, Vikhlinin 2012). Systematic uncertainties are not included in these likelihood functions. These uncertainties are discussed in detail in Vikhlinin et al. (2009b) and can be taken in account separately (Vikhlinin et al., 2009b; Burenin, Vikhlinin, 2012 ), 1 http://hea.iki.rssi.ru/400d/cosm/ which is done below for all measurements where these data are used. This dataset is designated below as CL.
CMB power spectrum
For our work we used the data of 7-year observations of WMAP observatory (Larson et al., 2011; Komatsu et al., 2011) . Likelihoods were calculated using the software taken from archive 2 , version 4.1. Also we used the data at small angular scale CMB anisotropy obtained with South Pole Telescope (SPT, Keisler et al., 2011) . When using these data, the contribution of Sunyaev-Zeldovich effect and also the contributions of poisson and clustered sources were taken into account according to the prescription of §4.1 in Keisler et al. (2011) . These data taken together are designated below as CMB.
Hubble constant
In our work we used the Hubble constant measurement obtained using improved calibration of supernovae type Ia absolute magnitudes, H 0 = 73.8 ± 2.4 km s −1 Mpc −1 (Riess et al., 2011) . The error here includes both statistical and systematic uncertainties. In addition to this measurement, the results of Carnegie Hubble Project were published recently, where the new Cepheid distance scale calibration, obtained using the data of Spitzer Space Telescope, was applied to the Hubble Space Telescope Key Project data and the measurement H 0 = 74.3±1.5(stat.)±2.1(sys.) km s −1 Mpc −1 was obtained (Freedman et al., 2012) .
As compared to Riess et al. (2011) , in this work the distance to maser galaxy NGC4258 was not used. Also, this work is based on a new, independent determination of the distance to LMC, therefore, the calibration of Cepheid period-luminosity relation should be considered as independent one. For distance measurements different data were also used (see details in Riess et al. 2011 and Freedman et al. 2012 ). Therefore, apparently, the Hubble constant measurements presented in these two works should also be considered as independent ones.
These two measurements combined in assumption of their independence and gaussian errors give the value H 0 = 74.1 ± 1.8 km s −1 Mpc −1 . This measurement is designated below as H 0 . We note, however, that new Hubble constant measurement from Freedman et al. (2012) do not produce strong changes in the constraints presented below. The constraints obtained using H 0 measurement from Riess et al. (2011) only are also given below for reference.
Baryon acoustic oscillations
The results of new, considerably improved measurements of baryon acoustic oscillations made using the data of large spectroscopic surveys of galaxies, published recently, are also used in our work. They include the reprocessed data of SDSS Data Release 7 , the data of WiggleZ (Blake et al., 2011) and 6dF (Beutler et al., 2011) surveys, as well as the measurements made using the data of SDSS Data Release 9 (BOSS survey, CMASS sample, Anderson et al., 2012) . All these data taken together are designated below as BAO.
ΛCDM MODEL
The constraints on the mean matter density in Universe, Ω m , the linear density fluctuations amplitude, σ 8 , and Hubble constant, H 0 , which are obtained using various cosmological datasets in standard sixparameter ΛCDM model (e.g., Larson et al., 2011) are shown in Fig. 1 . One can see that there is a discrepancy between the direct Hubble constant measurements and the measurement obtained from BAO data in assumption of ΛCDM model (see left panel of the Figure) . One can also see that new BAO data produce a discrepancy between the measurements of σ 8 from CMB +BAO and from galaxy cluster mass function data (see right panel of Fig. 1 ).
The discrepancy in Hubble constant measurements appears most prominently in BAO data from SDSS DR9 (see Fig. 21 and 
ADDITIONAL NEUTRINO SPECIES
The underestimated measurement of Hubble constant can be obtained from BAO data in assumption of ΛCDM cosmological model with standard number of neutrino species, if in real Universe the extra component in relativistic energy density is present at early epoch in addition to photons and three known neutrinos. In this case the Universe expansion rate is increased during the radiation-dominated era, and the size of sound horizon is therefore decreased. If one use ΛCDM model with standard number of neutrinos, the size of sound horizon would be overestimated, as compared to its real size. Since BAO observations give the measurement of the distance in units of sound horizon, Hubble constant, measured in this way will be underestimated. Useful discussion on related subjects can be found in Eisenstein The measurement of σ 8 from CMB +BAO +H 0 data is inferred from the amplitude of CMB temperature fluctuation, which contain the information on density fluctuation amplitude at high redshifts, z ≈ 1000. On the other hand, the measurement of σ 8 from the galaxy cluster mass function data reflects the value of this quantity at recent epoch. Therefore, this discrepancy in σ 8 measurements can be interpreted as a result of a suppression of density fluctuations due to non-zero total neutrino mass.
The constraints on Ω m , σ 8 and H 0 in ΛCDM +N eff +Σm ν model are shown in Fig. 3 . One can see that in this case all cosmological datasets are completely consistent with each other. The consistency is achieved at the expense of the detection of larger then standard effective number of neutrino species and non-zero total neutrino mass. The constraints on total neutrino mass and effective number of neutrino species obtained with all the data combined are shown in Fig. 4 and 5 .
If all considered cosmological data are used (CMB +BAO +H 0 +CL), the change of χ 2 when two parameters, Σm ν and N eff , are introduced into the cosmological model turns out to be ∆χ 2 = 13.0, which corresponds to ≈ 3.2σ significance. In this case the following measurements of effective number of neutrino species and total neutrino mass are obtained: When these constraints are obtained, the total neutrino mass is assumed to be distributed in equal parts among three neutrino types (this is the default setting in used version of CosmoMC software). Different distribution of neutrino mass can produce notable changes in total neutrino mass constraints since, with the same total neutrino mass, more massive neutrinos become non-relativistic at earlier time. Correspondent differences in total neutrino mass constraints are indeed notable when current observational data are used (e.g., Burenin, Vikhlinin, 2012) . For this reason we also obtained constraints in the case when only one neutrino type is massive. These constraints are shown in Fig. 6 . In this case the upper limit for total neutrino mass is somewhat relaxed, while the statistical significance of the measurement of non-zero neutrino mass remains to be approximately the same.
In this case the change of χ 2 when two parameters are added to the model is ∆χ 2 = 14.6, which corresponds to ≈ 3.4σ significance. In this case the follow- 
DISCUSSION
As it is shown in Fig. 1 , all the discrepancies in cosmological data in ΛCDM model with zero neutrino mass and standard number of neutrino species appear mainly due to the usage of new baryon acoustics oscillations data. In fact just these data require the introduction of additional parameters into ΛCDM model, like non-zero total neutrino mass and larger than standard number of neutrino species. If these BAO data are excluded from the consideration, all other data remain to be consistent with standard ΛCDM model (see Fig. 1 ).
We note that in addition to the data used in our work, the other BAO observations exist where the lower value of Hubble constant is obtained in ΛCDM model, as compared to direct Hubble constant measurements. For example, similar discrepancy was found in the measurement of angular diameter distance from BAO observed using photometric redshifts of luminous red galaxies (Seo et Note, that these BAO data are obtained using significantly different methods, as compared to BAO measurements in large spectroscopic galaxy surveys used in our work.
As it was discussed above, this discrepancy was noticed earlier, and it was also found that it can be eliminated if extra energy density of relativistic matter is present in early Universe (Mehta et 2011) are used in our work as well, and they also have some influence on our N eff measurement, however, this influence is not dominant. As it was discussed above, the measurement of N eff , presented in our work, is based mainly on the new data on BAO observations compared to the direct H 0 measurements.
From Fig. 1 one can also see that current data on direct Hubble constant measurements and cluster mass function are consistent with each other in standard ΛCDM model. In order to bring these data in accordance to recent BAO observations one need to decrease the measured value of Hubble constant by 7-10% and to simultaneously increase the value of σ 8 measured at the same Ω m also by 7-10%.
In our work we use two independent measurement of Hubble constant which are in good agreement with each other (Riess et al., 2011; Freedman et al., 2012) . Each of them is accurate to approximately 3%, including systematic errors. These are the data which give the measurement of larger than standard neutrino species when are compared to BAO observations. The data on galaxy cluster mass function in their turn, when compared to the data on BAO observations, give the measurement of non-zero total neutrino mass. These constraints are affected by systematic errors of cluster mass function measurements. However, these data would be consistent with zero total neutrino mass only if the masses of clusters in Vikhlinin et al. (2009a) were underestimated by approximately 30%. One can see this from the left panel in Fig. 4 , where the dotted lines show the contours for all considered data (CMB +BAO +H 0 +CL), in case if cluster masses in Vikhlinin et al. (2009a) are underestimated by 9%, the adopted systematic error for cluster mass scale calibration.
Systematic errors in determination of cluster mass scale is one of the main systematic uncertainties in cluster mass function measurements. In Vikhlinin et al. (2009b) the measurements of cluster masses were based on the temperature and mass of hot intracluster gas and were calibrated using hydrostatic mass measurements. Systematic error of cluster mass scale calibration was estimated as δM/M ≈ 0.09, using the comparison of hydrostatic cluster masses with those based on weak lensing measurements, taken from Hoekstra (2007) 
CONCLUSIONS
In our work we show that the discrepancies between different cosmological datasets in the determination of Hubble constant and in measurements of density fluctuation amplitude in assumption of standard ΛCDM cosmological model, can be eliminated if the additional neutrino species and non-zero total neutrino mass are introduced into the cosmological model. In this case, the discrepancy in the determination of distance scale between baryon acoustic oscillations data and direct Hubble constant measurement is eliminated by the assumption of larger than standard effective number of neutrino species, which was already noticed earlier (see, e.g., Mehta The change of χ 2 when two parameters, N eff and Σm ν , are introduced into the cosmological model corresponds to ≈ 3σ significance level. The model with approximately one additional neutrino type, N eff ≈ 4, and with non-zero total neutrino mass Σm ν ≈ 0.5 provide the best fit to the data. In model with only one massive type of neutrino the upper limits on neutrino mass are slightly relaxed.
We emphasize, that ΛCDM model with standard number of neutrino species and zero neutrino mass appears to be no longer consistent with cosmological data due to the usage of the data on baryon acoustic oscillations, published recently. In future these results may be independently confirmed using significantly improved data on CMB anisotropy at small The constraints on Σmν and N eff in ΛCDM +N eff +Σmν model, obtained using WMAP9 data and also with the data on CMB lensing potential included. The dashed contours show the constraints obtained using WMAP9 +SPT+CMBLens+BAO+H 0 data, solid contoursthe constraints with galaxy cluster mass function data taken in account, WMAP9 +SPT+CMBLens+BAO+H 0 +CL. angular scales. In very near future the measurements made with Planck space observatory should be published which will probably clarify this issue.
It is known that the existence of additional light neutrino species, which could produce oscillations with ∆m 2 ∼ 1 eV These neutrinos can be constrained from the cosmological data as well. The constraints presented in our work are consistent with the existence of one additional type of neutrino. Since in this case ∆m ∼ m, the masses of all other neutrinos should be significantly lower, and to constrain these neutrinos one should use the model with only one massive type of neutrino. These constraints were obtained above and they are as follows: N eff = 4.32 ± 0.39, Σm ν = 0.60 ± 0.22 eV.
Note
When this paper was already submitted for publication, few papers were published, where some new Σmν N eff Fig. 8 .
The constraints on Σmν and N eff in ΛCDM +N eff +Σmν model using all considered data, excluding the data from SPT. The dashed contours show the constraints obtained using WMAP7 +BAO+H 0 data, solid contours -the constraints with galaxy cluster mass function data taken in account, WMAP7 +BAO+H 0 +CL. The effect of these new data on the constraints presented above is shown in Fig. 7 . In this Figure the constraints on number of neutrino species and total neutrino mass obtained using the latest 9-year WMAP data (WMAP9, Hinshaw et al., 2012) and also the data on CMB lensing power spectrum amplitude (CMBLens), from Das 2012) is not used. Apparently, in the new data from ACT there are some statistically insignificant discrepancies with SPT data which bring the measurement of N eff to some lower value. However, as it was discussed above, in our work the measurements of larger than standard number of neutrinos and non-zero neutrino mass are based mainly on recent BAO data and do not depend strongly on the data on high-l CMB measurements.
In order to better show this, in Fig. 8 the constraints on N eff and Σm ν are given, which were obtained using all the data considered in our work, excluding the high-l CMB data from SPT (i.e., using the WMAP7 +BAO +H 0 +CL dataset). There is no much change in the significance of the detection of N eff > 3 and Σm ν > 0, the main effect of the exclusion of SPT data is the relaxed upper limit for N eff . In this case, the change of χ 2 when two parameters, N eff and Σm ν , are introduced into the model is ∆χ 2 = 11.1, which corresponds to ≈ 2.9σ significance, and the following measurements are obtained: N eff = 4.44 ± 0.50, Σm ν = 0.49 ± 0.18 eV. In the case, when only one neutrino type is massive, ∆χ 
